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I. Introduction 

A Permeable Reactive Treatment (PeRT) wall is an engineered, subsurface zone of reactive 
material that treats contaminated groundwater flowing through it. PeRT walls do not require 
active pumping to extract groundwater but rather rely on the natural flow through the barrier. For 
PeRT walls to be’cost effective, reactive materials must be used that are able to efficiently 
degrade or sequester the regulated contaminants and that will remain effective over long periods 
of time. The use of PeRT walls to treat contaminated groundwater in situ is emerging as one of 
the leading innovative technologies for cleaning up contaminated U.S. Department of Energy 
(DOE) sites because the technology is less expensive to operate, more acceptable to the public, 
and poses less risk to workers than other methods such as pump and treat. 

A large variety of reactive materials were previously evaluated for use in the Monticello PeRT 
wall in a laboratory study (DOE 1998). The laboratory tests included materials that removed 
contaminants by sorption, substitution, and reductive precipitation. Based on the test results and 
the availability and cost of industrial quantities of the materials, it was recommended that zero- 
valent iron (ZW) be used in the PeRT wall. Thus, the field treatability studies used only ZVI. 
ZVI is a scrap material produced in metal machining and is available from several industrial 
suppliers. 

Field treatability experiments were conducted from June 9 through August 19,1998. The PeRT 
wall project is funded by DOE’s Accelerated Site Technology Deployment Program within the 
Office of Science and Technology (EM50). The field treatability study was conducted by 
MACEC-ERS under contract to the U.S. Department of Energy’s (DOE’s) Grand Junction 
Office (GJO). The purpose of the field treatability study is to provide supplemental data that 
could be used to better predict the effects of emplacing the PeRT wall. The experiments were 
conducted at the field site so that the conditions would be as similar to those in the PeRT wall as 
possible. The columns used were much larger than those used in the laboratory investigation to 
minimize wall effects and to provide larger samples for more detailed analyses. Specifically, the 
following aspects of the groundwater treatment chemistry were investigated: (1) the ability of 
five commercial varieties of ZVI to remove contaminants from groundwater; (2) effects of PeRT 
wall effluent on chemical transport in the downgradient aquifer; (3) the concentrations of Fe and 
Mn mobilized from the PeRT Wall, and methods that could be employed to control the releases; 
(4) loss of hydraulic conductivity during the reaction of groundwater with ZVI, (5) potential for 
release of any of the Priority Pollutants, and (6) determination of the rates of contaminant uptake 
and mineral precipitation by ZVI. Geochemical modeling was used to help understand the 
chemical mechanisms responsible for the observed changes in groundwater chemistry. 

II. Background 

PeRT walls have been installed as the final remedy to groundwater contamination and have met 
with regulatory approval at 18 sites. The PeRT walls at these sites are currently treating 
groundwater to the regulated concentration levels. Management at over 30 other sites is actively 
pursuing PeRT wall technology and many projects are in the field demonstration phase. The high 
level of interest in PeRT walls, considering that the first one was installed only 7 years ago, is 
testimony to the optimism of site managers for the benefits of this technology. 

Most PeRT wall projects have targeted halogenated hydrocarbon contaminants with ZVI as the 
reactive media. Halogenated hydrocarbons are chemically reduced to harmless concentrations of 
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dehalogenated diphatics by the ZVI. In contrast, metals md radionuclides are extracted fiom 
groundwater and sequestered by reactive materials, but not degraded (some metals like 
chromium can change oxidation state to a less toxic state but the metal, and the potential for 
reoxidation, remains). 

The preliminary remediation goals (PRG) established for the groundwater at Monticello are 
listed in Table 1. Contaminants analyzed during this investigation are arsenic (As), chromium 
(Cr), lead-210 (''opb), manganese (Mn), molybdenum (Mo), nitrate (NO3), selenium (Se), 
uranium 0, and vanadium 0. Radium-226 was not analyzed because it has been consistently 
below the PRG at well 88-85, which is close to the proposed PeRT wall (DOE 1998~). The 
chemical uranium concentration is considered to be a reliable indicator of isotopic concentrations 
and therefore and were not measured. 

9 
t 

Table 7.  Preliminary Remediation Goals for Groundwater at the Monticello Site' 

:rem DOE 1998b. 
'he standards for gross alpha indude =Ra but exdude radon and uranium. 

Chemistry of Reductive Precipifution. All of the contaminants used in this investigation form 
insoluble phases under reducing conditions. Original investigations of ZVI focused on its ability 
to reductively dechlorinate chlorinated aliphatic hydrocarbons such as solvents. However, it is 
also increasingly recognized for its ability to chemically reduce inorganic constituents. 

Uranium will precipitate as the mineral uraninite (or an amorphous precursor of this mineral) if 
the oxidation state of an aqueous solution is lowered sufficiently. As an example of this 
mechanism that could be useful to PeRT walls, consider the precipitation of uraninite by the 
oxidation of ZVI to ferrous iron in a U-contaminated, carbonate-bearing, near neutral solution: 

Feo (ZVI) + U02(C03)22. + 2H+ = Fe2+ + 2HC03' + U02 (uraninite) [Reaction 11 

Reductive precipitation reactions are generally slower than sorption reactions and seldom reach 
equilibrium in groundwater systems. All1 of the contaminants tested in this study are redox 
sensitive and it was believed that they would precipitate in the presence of ZVI. 

Chemical reduction caused by ZVI affects the entire aqueous system and not just the 
contaminants; some side effects may need to be considered in designing a PeRT wall. As an 
example, in reaction 1, H' is consumed which leads to an increase in pH. Increases in pH will 
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lead to precipitation of metal-carbonate or metal-hydroxide minerals that could reduce the 
permeability of the PeRT wall. The amount of contaminant precipitation due to Reaction 1 is 
probably small because only trace amounts of U are available even in a contaminated aquifer. 
However, increases in pH can also occur due to other chemical processes, such as the reduction 
of dissolved oxygen (Reaction 2) or the direct reduction of aqueous protons (Reaction 3): 

Pemeable Reactive Treatment (PeRT) Wall 

2Fe0 + 4H' + 02 = 2H20 + 2Fe2' meaction 21 

Feo + 2H' = Fe2+ + H2 [Reaction 31 

Thus, the potential for mineral precipitation due to increasing pH is limited only by the 
availability of the metals or carbonate and the rates of the reactions. Precipitation of calcite 
(CaCO3), siderite (FeCO3), and ferrous hydroxide [Fe(OH)z] have been observed in laboratory 
experiments with ZVI. Generation of hydrogen gas (Reaction 3) has also been observed. 
Although hydrogen gas is used by some microbes as an electron donor, no detrimental (or 
positive) effects of hydrogen gas on PeRT walls have yet been confirmed. 

PIP. Methods 

Column experiments were conducted in a field trailer adjacent to well 88-85 fiom June 9 to 
July 14,1998. The trailer was moved to a nearby staging/office area where it was operated from 
July 14 to August 19,1998. The move was necessary because of the soil remediation in the area 
of well 88-85. 

Experiments were conducted in 4-foot high, 4-inch (inside) diameter clear acrylic columns. The 
dry reactive materials were weighed and lightly tamped into the columns. Except in the aeration 
column, flow was directed fiom bottom to top, to minimize air entrapment. Master Flex 
peristaltic pumps were used to pump the liquids. Porosity was calculated from the volume of 
fluid required to fill the column. Fluid pressures were measured using a gauge at the inflow to 
each column. Flow rates were determined by measuring the outflow fiom the column for a 
period of time at each sampling event. Flow rates ty;pically ranged from about 20 to 80 milliliters 
(mL) per minute resulting in residence times of about 1 to 4 hours. A complete tabulation of the 
flow rates and residence times is provided in the appendices. One column was fitted with septa at 
various positions along the flow path. Water in this column was sampled by inserting a 
hypodermic syringe needle through the septa. 

The aeration column was filled with sieved (318 inch) gravel and an aquarium pump was used to 
bubble air upwards through the column at one liter per minute. This was the only column in 
which the liquid flowed downward. The liquid was pumped out through a Tygon TM tube that 
was inserted so that its intake was at the bottom of the gravel. 

A column packed with alluvial gravel was used to study the transport of Fe and Mn through the 
aquifer. The aquifer material was obtained from a backhoe trench. This column was packed 
while the alluvium was wet. It is believed that the wet packing caused shrink cracking and 
allowed for preferential flow. We packed another column with dry silt loam (Bluff Sand) to 
investigate the transport through a more characteristic porous medium. Also, for one test, a 
1 -inch thick section of the Bluff Sand was replaced with Mg peroxide (an oxygen-release 
compound obtained fiom Regenesis, Inc.). 
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Ana lyses Preservation 

As, Ca, Fe. K. Mg, Mn. Mo, Se. U. V 

CI! so. I cooled 

NO3 Sulfuric acid, pHe2, cooled 

nitric acid, pH <2, cooled 

Uranium was analyzed by laser-induced fluorescence (Scintrex UA-3 Uranium Analyzer) in the 
field and in the GJO Environmental Sciences Laboratory (ESL). This technique responds only to 
uranim (VI). Uranium was measured by inductively-coupled plasma (ICP) mass spectrometry 
(MS) in the GJO Analytical Chemistry Laboratory (ACL). ICPMS responds to all oxidation 
states of uranium. The differences in U concentrations measured by ICP/MS and laser-induced 
fluorescence were small indicating that all dissolved U is uranyl cu">. 

~ 

I 

Measurements of pH, Eh, and conductivity were made with a YSI Co. Model 3500 meter. 
Standards were used for daily calibrations. Dissolved oxygen (DO) was measured by preferential 
membrane diffusion on a YSI Co. Model 55 electrode. Alkalinity was measured by titration with 
sulfuric acid (Hach Co. Model 16900 titrator). 

Analytes Procedure No. ~ Analysis Method 
I 

l L  I 
As. Ca, Fe, K, Mg, Mn. Na. Se. V 

CI, NO3, SO4 D-3 R 1 3  Ion chromatography 

AS-5 R 0 5  ICP atomic emission spectroscopy 

I 
- 1  

Mo. u AS-6 R06 1 ICPlMS I 

Total dissolved Fe and ferrous Fe were determined in the field by colorimetry (Hach Co. 
methods). Analyses for ferrous Fe were usually made within 5 minutes of sample collection and 
always within 30 minutes. In the ESL, Fe was analyzed by flame atomic absorption. 

Samples for analyses in the ACL were preserved as indicated in Table 2. Table 3 indicates the 
ACL procedure number and analysis techniques. 

1 

Table 2. Preservation Methods 

Table 3. ACL Analysis Procedures 

IV. Removal of Contaminants by Five Brands of Zero-Valent Iron 

Objective: The objective of the tests in Section IV was to compare the performance of five 
different samples of ZVI for removing contaminants from groundwater. 

Description 0fWork.- Four companies supplied ZVI for the study: (1) Cercona of America, Inc., 
Dayton, OH, (2) Connelly GPM, Inc., Chicago, IL, (3) Master Builders, Inc., Cleveland, OH, and 
(4) Peerless Metal Powders & Abrasive, Detroit, MI. Information about the 5 samples is 
provided in Table 4. All of the ZVI products are available in commercial quantities. All except 
the Cercona HSA (high surface area) are byproducts of the automotive industry. 

DOUGrand Junction Office Results of Ficld Trcarability Studies for the Monticcllo PeRT Wall 
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Table 4. Information on ZVI Used in Field Columns 

Supplier 

Cercona 

Cercona 

Connelly 

Master Builders 

PeMkS3 

Type l 1 Mesh Size' Weight of ZVI Porosity% 
I (W 

I I 

Cast Fe I -3 +30 45.5 69 

HSA -3 +30 44.2 55 

Cast Fe, 1004 -a +a 46.7 52 

Cast Fe. GX027 -8 +50 40.7 52 

Cast Fe -8 +18 I 36.8 52 

I 

I I 

Four of the columns were discontinued after about 200 pore volumes. The Peerless column was 
arbitrarily selected to examine performance over a longer period of 500 pore volumes. 

ResuZts and Discussion: Raw data for this section are listed in Appendix A. Effluent from all 
5 columns maintained a pH of about 7 which is close to the pH of the influent from well 88-85 
(Figure 1). This result contrasts with the elevated pH values (up to 11) often observed in 
treatability studies performed with ZVI at other sites. The pH is apparently buffered by the 
carbonate system in the Monticello groundwater as discussed in Section X. 

The redox state of the effluent from all five columns was significantly lower than in the influent 
as indicated by lower Eh values (Figure 2) and by lower dissolved oxygen concentrations 
(Figure 3). An unexplained low Eh anomaly occurs at about 2 10 pore volumes (Figure 2) which 
coincides with relocation of the mobile laboratory containing the treatability tests. The relocation 
was necessary to remediate soil at the site. Effluent concentrations of alkalinity and Ca are lower 
than in the influent indicating that Ca-carbonate minerals have precipitated in the column 
(Figures 4 and 5). Sulfate concentration is nearly the same in influent and effluent indicating that 
sulfate reduction is minimal (Figure 6). 

Arsenic, Mo, NO3, Se, U, and V concentrations are significantly lower in the effluent than in the 
influent (Figures 7 through 12). All effluent concentrations were lower than the PRGs (Table 1). 
Although small differences exist among the different brands of ZVI, all performed nearly the 
same and all were able to meet the PRG concentration levels. 

Conclusion: The results from the column experiments indicate that all five brands of ZVI 
performed nearly the same for reducing contaminant concentrations in the groundwater. Redox 
state, pH, and major ion chemistry concentrations were also similar among the 5 columns. 

V. Chemical Transport in the Alluvial Aquifer by Effluent from a 
ZVI-Containing C ~ ~ M ~ K R  

Objectives: The objectives of the experiments in this section are: (1) to determine if Fe and Mn 
in PeRT wall effluents are likely to remain mobile in the alluvial aquifer, and (2) to determine if 
contaminants are likely to be released from the alluvial aquifer downgradient of the PeRT wall. 

Description of Work: Alluvial aquifer material was wet packed into a column and the effluent 
from the Peerless column was passed through it. Concentrations of Fe, Mn, and U were 
measured on the effluents. 
DOWGrand Junction office Rcsulu of FKld Treatability Studies for the Montiallo PeRT Wall 
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Results andDismsion: A red coloration was observed along channels in the alluvial aquifer 
column indicating that preferential flow paths had developed. These preferential paths are the 
result of the column having been packed with wet material. The Fe concentration was nearly the 
same in the influent and effluent of the alluvial aquifer column (Figure 13). 

Manganese and U concentrations were significantly higher in the effluent than in the influent 
indicating that they are added by the alluvial aquifer material (Figures 14 and 15). Manganese 
and U were released to the alluvial groundwater system during the mill operation. The low redox 
conditions caused by the ZVI probably provided the chemical conditions suitable for 
mobilization of Mn h m  the downgradient alluvium. To mobilize U, the effluent from the ZVI 
would have to have become more oxidized by contact with the sediments. Concentrations of U 
decreased as the column was leached. The decrease could be caused by the column becoming 
reduced by the ZVI effluent or by the depletion of the U inventory. The concentrations are at the 
lower end of the range of PRGs for Mn and below the range for U (Table 1). 

Conclusions: Passing effluent fiom ZVI through a column of alluvial aquifer material did not 
influence the mobility of Fe. Preferential flow channels that developed during wet packing are 
probably not characteristic of the in situ aquifer sediment. Because some of the Fe is particulate 
it is likely that some decrease in concentration will occur as the groundwater flows through the 
alluvial sediments but the experimental results have not confirmed this. Manganese and U are 
released fiom the alluvial sediments by the PeRT wall effluent but at concentrations near or 
below the low end of the PRG range. 

m. Iron and Manganese Mobilization from zw 
Objectives: The objectives of the experiments conducted in this section were: (1) to compare the 
releases of Fe and Mn from the five brands of ZVI, (2) to determine if the Fe or Mn are likely to 
be removed as the groundwater flows through aquifer sediments, and (3) to determine if the 
release of Fe and Mn could be reduced through engineering controls. 

Description of Work: Fe and Mn concentrations were measured in the influent and effluent from 
the column experiments conducted in Section IV. Effluent from one of the columns (Peerless 
ZVI) was passed through aquifer material (Section V) and a silt loam (Bluff Sand). The effluent 
from the Peerless column was also passed through an aeration column and a column containing 
magnesium peroxide (an oxygen-release compound). Concentrations of Fe and Mn were 
measured before and after passing through these materials. Concentrations of ferrous and total 
iron were measured on filtered and unfiltered samples. The raw data from these experiments are 
provided in Appendix C. 

Results a d  Discussion: Dissolved Fe concentrations were higher in the effluents than in the 
influents indicating that Fe was leached from the ZVI (Figure 16). Fe concentrations varied over 
time but all 5-brands of ZVI released nearly equivalent amounts. Iron is not a PRG at the site; 
however, it could be a risk to human health at concentrations over about 9 m a .  Concentrations 
of Fe in the effluent ranged from about 10 to 60 mgL and were typically about 30 mgL. 

Manganese concentrations were also higher in the eMuent than in the influent indicating that Mn 
is leached from the ZVI (Figure 17). The concentrations of Mn are highest in the first samples 
off the columns indicating that a portion is easily leachable. The concentrations gradually 
decreased as groundwater flowed through the columns depleting the inventory of leachable Mn. 

DOUGrand Junction Office Results of Field Trcarability Studies for rhc Monticello PeRT Wall 
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Although there is some Variation in the amount of h4n release among the five brands of ZVI, the 
relatively small differences may result fiom different lots of ZVI rather than significant 
differences among brands. Although Mn is released fiom the ZVI, the concentrations are below 
the upper limit of the PRG concentration range (Table 1). 

Udltered Fe concentrations in the effluents are consistently higher than in filtered samples 
(Figure 18). Ferrous iron was observed to be the dominant oxidation state in the filtered samples. 
Floccules of ferric hydroxides probably account for the differences between filtered and 
unfiltered Fe concentrations. It was hypothesized that particles would be removed (by settling 
and attachment) fiom the groundwater as it migrates through the aquifer. In addition, it seemed 
that the flocculation could be enhanced by oxidizing the groundwater. Experiments were 
conducted to determine if an engineered oxidation system could reduce the flux of Fe and Mn 
from the PeRT wall. 

Total dissolved Fe concentrations of about 12 to 29 mgL in the effluent from the Peerless ZVI 
column were reduced to less than 3 mg/L in an aeration column (Figure 19). The Fe 
concentrations were reduced to less than 0.2 mg/L when the aerated groundwater passed through 
the Bluff Sand (Figure 19). Contact with Mg peroxide also caused the Fe concentration to 
decrease (Figure 19). 

In three of the four samples measured, the Mn concentration decreased by aeration (Figure 20). 
The Mn concentration decreased to less than 0.02 mg/L after passing through the Bluff Sand. 
This decrease is especially significant because the Bluff Sand releases Mn when contacted by the 
reducing fluids fiom the ZVI column without aeration (Figure 20,400-500 pore volumes). 
Oxidation by Mg peroxide probably caused the Mn concentration to decrease but the results are 
inconclusive because of the release from the Bluff Sand. 

Increases in the oxidation state resulting from the oxidation treatments are shown in Figure 2 1. 
The Eh of the influent to the ZVI column was about 100 mv. The Eh of the effluent from the ZVI 
column was about -1 50 mv. The aeration system caused an increase in Eh to about I00 mv. 
Without aeration, the Bluff Sand caused only a small increase in Eh to about -120 mv. The Mg 
peroxide treatment caused only a small increase in Eh. The Mg peroxide formed a hard 
impermeable "puck" which may have caused the groundwater to flow around it. Since Mg 
peroxide has been used successfully to oxidize the subsurface environment its use should not be 
rejected without more thorough testing. 

Conclusions: Groundwater treated by any of the five brands of ZVI will probably contain 
elevated concentration of Fe and Mn. While it is likely that prolonged flow through the porous 
media in the aquifer will remove some or all of the Fe and Mn, this was not demonstrated by the 
experimental results. Oxidizing the groundwater after it exits the PeRT wall will immobilize Fe 
and probably Mn. Two engineered oxidation systems that could have application to the 
Monticello PeRT wall project are: an aerated trench, or Mg peroxide placed in downgradient 
wells. 
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WE. Changes in HydrauPic Conductivity 

Objective: The objective of this portion of the study was to determine if conditions such as 
mineral precipitation or gas entrapment would cause loss of hydraulic conductivity through a 
PeRT wall. 

Description of Work: Pressure was measured at the inflow to each column. An increase in 
pressure during an experiment is an indication that fluid movement is impeded. The pressure 
increase should correlate directly to loss of hydraulic conductivity. For example, a doubling of 
the pressure indicates a halving of hydraulic conductivity. All reported pressures are for a 
flowing system. 

Results and Discussion: The initial water pressure ranged between 42 and 50 inches of water 
(Figure 22). Pressures increased slightly in the Cercona and Connelly columns at about 120 and 
200 pore volumes, respectively. All other pressures remained nearly constant for about 200 pore 
volumes. Nearly every significant increase in pressure is correlated to an experimental event. An 
increase in pressure from 42 to 85 inches of water occurred at 220 pore volumes after the mobile 
laboratory was relocated. It is likely that air became entrapped in the lines during the move. mer 
the air was worked out of the lines, the pressure decreased back to about 50 inches of water. At 
this same time, a column containing alluvial aquifer material was connected in series to the ZVI 
column. The variation in pressure in the Peerless column after 300 pore volumes is correlated to 
the operations of columns connected in series with it. When a valve at the outflow of the Peerless 
column was opened (thus effectively disconnecting the Peerless column from any of the 
downstream columns), the pressure dropped back to about 60 inches of water. 

Conclusion: Pressures in the columns remained reasonably stable during the experiments. The 
maximum increase due to the conditions within the ZVI was from about 42 to 70 inches of water. 
This is an increase of about 66 percent, which may be caused by mineral precipitation. 
Alternatively, this increase could have been caused by air entrapment (despite regular attempts to 
bleed air from the intake lines). 

WIP. Concentrations of Priority Pollutant Metals 

Objective: The objective of this portion of this study was to determine if any of the priority 
pollutant metals are likely to be released from ZVI and contaminate the groundwater. This issue 
was of particular concern after it was discovered that Mn was leached fiom the ZVI. Since the 
ZVI is a scrap product fiom manufacturing processes, it is possible that other metals could also 
be present. 

Description of Work Concentrations of priority pollutant metals were measured on samples 
collected on July 14,1998 from each of the columns containing five brands of ZVI. At this time 
about 200 pore volumes had passed through the columns. Analyses were performed in the 
Analytical Chemistry Laboratory following standard EPA-approved procedures. 

Results and Discussion: The concentrations of the priority pollutants are listed in Table 5.  Nearly 
all of the analyses were below the detection limit. Arsenic was above detection but only slightly 
above the low end of the PRG range; and was much lower than the influent. Two samples had 
copper concentrations that are slightly above the detection limit. 
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Table 5. Concentrations of Priority Pollutant Metals at About 200 Pore Volumes 
l(mported in pyA) 

Conclusion: There does not appear to be any significant release of priority pollutant metals from 
the ZVI. 

M. Rates of Contaminant Uptake and Mineral Precipitation 

Objectives: The objectives of this portion of the study were: (1) to determine how fast the 
contaminants are removed fiom the groundwater, and (2) to determine if mineral precipitation 
will affect PeRT wall longevity. The reaction rates of the contaminants are important 
considerations in designing the PeRT wall thicknesses. Precipitation of minerals is important in 
predicting long term performance. 

Description of Work: Groundwater samples were collected from 1 1 ports positioned at various 
depths along a column containing Peerless ZVI. The samples were analyzed for contaminants 
and major ions. The flow rate ranged from 30.9 to 35.2 and averaged 33.3 mL per minute. The 
residence time ranged from 2.4 to 2.8 and averaged 2.6 hours. 

ResuZts and Discussion: The results are tabulated in Appendix D. Contaminant concentration 
profiles are shown in Figure 23a through 23f. The concentrations of As, U, and V decreased to 
4.5,4.2 and 1.4 p@, respectively, before the groundwater reached the first sampling port. The 
residence time to this port is 6.5 minutes. The concentration of Se decreased to below the 
detection limit (2.2 pg/L) by the time the groundwater reached the third port (residence time of 
20 minutes). The concentration of Mo and NO3 decreased more slowly to 16 and 20 pg/L, 
respectively, by the fifth port (residence time of 42 minutes). 

Profiles (not shown) for Na, Mg, K, and Cl showed little variation throughout the column 
indicating that they have not reacted with the ZVI. Concentrations of Ca decreased gradually 
suggesting that a Ca-bearing mineral is being precipitated throughout the column (Figure 24a). 
Apparently the rate of precipitation is slow relative to the groundwater flow so that precipitation 
does not occur solely at the inlet. Sulfate concentrations decrease a small amount (about 
2 percent) suggesting that a small amount of sulfate is being slowly reduced (Figure 24b). The Fe 
concentration is higher near the inlet end of the column than at the outlet end (Figure 24c). This 
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could result h m  a faster corrosion rate du: to entrained oxygen. Perhaps ferric colloids formed 
lower in the column flocculate become immobile as the groundwater moves farther up the 
column. Manganese concentrations increase steadily fiom the inlet to the outlet indicating a 
constant rate of leaching fiom the ZVI (Figure 24d). 

Hydrochloric acid was used to test the ZVI for carbonate minerals after the termination of the 
experiment. Samples collected along the entire length of the column effervesced. The presence 
of Ca-Fe carbonate was confirmed by electron microprobe methods (Figure 25). This 
observation is consistent with the decreasing Ca concentrations observed in the pore fluids 
(Figure 24a). The Fe contents measured in the carbonate minerals ranged from 26 to 91 atom % 
with higher Fe contents observed closer to the ZVI surface. The carbonate appears to replace 
some of the corroded ZVI and it fills some voids. The effect of the carbonate precipitation on 
hydraulic conductivity is minimized because it is distributed throughout the column rather than 
all at the inlet. 

Conclusions: Contaminants are immobilized rapidly in the presence of ZVI. The relative reaction 
rates are in the order U, V > As, Se > Mo, NO3. A residence time of 42 minutes is sufficient to 
immobilize all contaminants and less than 6.5 minutes is required to meet most of the PRGs. 
Precipitation of Ca-Fe carbonate occurred throughout the ZVI column. 

X. Geochemical Modeling 

Objective: The objective of the geochemical modeling is to provide a reasonable interpretation of 
the chemical mechanisms occurhg during the interaction of contaminated groundwater with 
ZVI. 

Description of Work: The modeling code PHREEQC (Parkhurst 1995) was used to calculate the 
aqueous concentrations from a variety of possible reaction paths during the interaction of 
contaminated groundwater with ZVI. The changes in aqueous chemistry observed as 
contaminated groundwater passed through the Peerless ZVI column were used to validate the 
reactive geochemical models. 

Thermodynamic constants included in the PHREEQC database were used in the calculations. 
Equilibrium constants for ZVI and crystalline Fe(OH)2 were needed but were not provided in the 
PHREEQC database. Therefore, these constants were calculated fiom free energy data provided 
in Wagman et al. (1982). The values of the constants are as follows: 

Feo [ZVI] = Fe+' + 2e' Log K = 13.82 

Fe(OH)2 + 2H+ = Fe2+ + 2H20 Log K = 12.10. 

All calculations assumed a reaction temperature of 25 degrees C. 

Groundwater was first modeled by equilibrating it with ZVI only. Next, it was equilibrated with 
ZVI while allowing other mineral phases to form. Lastly, the system was modeled by partially 
equilibratisng the groundwater with ZVI and allowing full equilibrium with other mineral phases. 

Results und Discussion: Significant changes in major ion chemistry that occurred during 
interaction with ZVI were used to test the validity of geochemical models. Concentrations of C 
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Influent I 

Observed Effluent 

Model Effluent I 

(estimated from alkalinity) and Ca decreased (Figures 4 and 5),  while the concentration of Fe 
increased (Figure 16). Concentrations of most other major solution parameters (Na, SW), Mg, 
C1, pH) remained nearly constant and the redox state decreased. The results from the Peerless 
ZVI column at 50 pore volumes were used for validation. These results are reasonably consistent 
with results throughout the operation of the column. 

PH PE I Ca C(N) S(vU 1 Fe 
7.12 2.88 I 8.25~10~ 8.59~ loJ 9.65~10~ 1.21 x los 

7.34 -2.64 ~ 5.25~10~ 4.44~10~ I 9.63~10~ 4.86~10~ . 
11.7 -9.17 8.25 x lo3 8.59 x loJ 1.34 x los 3.08 x loa I 

I 

Solution parameters calculated by the equilibration of the contaminated groundwater with ZVI 
are significantly different from observed parameters (Table 6). The calculated pH is high (1 1.7) 
due mainly to acid loss through the reduction of aqueous protons. No Ca-carbonate minerals 
form so Ca and C concentrations remain constant, nearly all sulfate is reduced to sulfide, and the 
Fe concentration is much higher than observed. Thus, equilibration solely with ZVI does not 
explain the observed groundwater chemistry. 

Influent 

Obsenred Effluent 

Model Effluent 

Table 6. Calculated Parameters for Equilibration of Influent Groundwater with ZVl (mom) 

pH PE Ca 1 C(W) 1 SWI) ~ Fe 

7.12 2.88 ~ 8.25 x lo3 8.59 x loJ 9.65 x lo3 ' 1.21 x loa 

7.34 -2.64 I 5.25~10~ 4.44~ IOJ 9.63~ lo3 1 4.86~ lo4 
12.22 -13.25 8.25~ loJ 9.56 x lo2' 4.27 x loJJ ~ 3.41 x 10" ~ 

I 

In the next simulation, the groundwater was equilibrated with ZVI while allowing other mineral 
phases (calcite, Fe(OH)2, Fe(OH)3, and gypsum) to precipitate if they reached saturation. Of 
these, only Fe(OH)2 precipitated. The simulation results do not match the observed results 
(Table 7). The calculated pH is 12.22, the carbonate is all reduced to methane that prevented the 
formation of calcite, sulfate is nearly all reduced to sulfide, and the Fe concentration is lower 
than observed. The low Fe concentrations are due to the precipitation of Fe(0H)Z. Thus, 
equilibration with ZVI while allowing other minerals to form does not explain the observed 
groundwater chemistry. 

Table 7. Calculated Parameters for Equilibration of Influent Groundwater with ZVI (mofi); 
Calcite, Fe(OH), Fe(OH), and Gypsum Allowed to Form. 

Since ZVI is known to corrode slowly, it may react incompletely as the groundwater flows 
through the columns. Thus, it is instructive to examine the phase changes that occur as the 
groundwater proceeds along a reaction path toward equilibration with ZVI (Figure 26). For 
illustration purposes, the reaction progress in divided into four zones designated by roman 
numerals. In the early stages, the precipitation of calcite tends to buffer pH of the system 
(Zones I and I#). The dissolution of ZVI causes the reduction of C(IV) and S(V1) producing 
methane and sulfide in Zones I1 and 111 (note that for simplicity only the carbonate system is 
shown on Figure 26). Fe(OH)2 forms early and persists as the reactions progress to ZVI 
equilibration. The calculated pH is near the observed effluent value only during the early portion 
of Zone I. 
DOElGrand Junction MIicc 
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Figure 27 shows the calculated and observed aqueous parameters during the early portion of 
Zone I. The predicted Ca, C, Fe, and pH values after about 0.002 mol of ZVI have dissolved are 
reasonably consistent with those observed in the column effluent. However, the model predicts 
slightly higher concentration of Fe and a slightly lower concentration of Ca The calculated 
results agree ;better if a solid solution of FeKa carbonate is used instead of pure end-member 
calcite (Figure 28). The presence of Fe/Ca carbonate was confirmed in samples collected 
throughout the column (Figure 25). 

The mineral uraninite (Ua) precipitates under low redox conditions. As indicated in Figure 29, 
the predicted U concentration is less than the detection limit (about 1 ug/L) prior to dissolution of 
0.002 m o m  of ZVI. Thus, the precipitation of uraninite is compatible with the low observed 
concentrations of U. 

Conclusions: Simulated equilibrations of groundwater with ZVI with or without other mineral 
phases do not match.the observed groundwater chemistry. However, simulations using partial 
equilibration with ZVI accurately match the observed groundwater chemistry. The simulations 
match observations even more closely if a Fe/Ca carbonate phase is used instead of end-member 
calcite. 
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Figure 1. pH in Effluent from Five Columns Containing Different Brands of ZV1 
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Figure 2. Eh in Effluent from Five Columns Containing Different Brands o f  ZVI 
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Figure 3. Dissolved Oxygen in Effluent from Five Columns Containing Different Brands of ZVI 
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Figure 5. Ca Concentration in Effluent from Five Columns Containing Different Brands of ZVI 
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Figure 9. NO3 Concentration in Effluent from Five Columns Containing Different Brands of ZVI 
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Figure 10. Se Concentration in Effluent from Five Columns Containing Different Brands of ZVI 
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Figure 12. V Concentration in Effluent from Five Columns Containing Different Brands of ZVi 

DOUGrand Junction Office Results of Held Treatability Studies for the Monticello PeRT Wall 
November 1998 18 



K00047AA Permeable Reactive Treatment (PeRT) Wall 
35.000 

30.000 

25.000 - 
d - E" 
2 20.000 - rn 
c 
- 
-e 

a 
E 

15.000 - - 
5 

1 OtOOO 

5.000 

0.000 

0.8 

0.7 

0.6 

0.5 - a ol 
0.4 

i 
0.3 

0.2 

0.1 

0 

0 50 100 150 200 250 300 350 400 
Pore Volumes 

Figure 13. Fe concentration in Influent and Effluent of the Alluvial Aquifer Column 
The Influent was the Effluent from the Peerless ZVI Column. 
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Figure 15. U Concentrations in Influent and Effluent of the Alluvial Aquifer Column. 
The Influent was the Effluent from the Peerless ZVI Column 
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Figure 17. Mn Concentrations in Effluent from Columns Containing Five Brands of ZVI 

Figure 18. Comparison of Fe Concentrations Between Filtered and Unfiltered Samples of Effluent from 
Peerless ZVI Column 
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Figure 19. Fe Treatment by Oxidation 
Fe Concentrations in Peerless ZVI effluent (Blue), After Aeration (Pink), After Passing Through Silt Loam 

(Green), and After Passing Through Mg Peroxide (Red). 
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Figure 21. Eh of Groundwater After Oxidation Treatment 

140.0 - - ._ 

120.0 

5 100.0 
hl 
I - 
u) 

g 80.0 
c 
m 
$ 600 
a 

- 
u) 

C 

- 5 
0" 40.0 

I \  I Q I '  

.- 
Stanea  Aeration 

and Bluff Sand  Columns 

20.0 - 

- -  
Lowered Flow Rate 

t 
Moved'lrallor 

SIaned Alluvial 
Aquifer Column 

-Cercona 
- Cercona HSA - Connelly 
-+Master Builder 
-Peerless 

I 
I 

- 

0.0 - 
0 100 200 300 400 500 600 

IPore Volumes 

Figure 22. Fluid Pressure at the lnflow to the ZVI Columns 

DOUGrand Junction Office 
November I998 

Results of Field Treatability Studies for the Monncello PeRT Wall 
23 



K00047A.4 Permeable Reactive Treatment (PrRT) Wall 

a. 

b. 

0 2 4 6 8 10 12 14 16 10 

As concamion ( U S )  

60 

0 10 30 40 60 70 

Mo Concamration (u@) 

Figure 23. Contaminant Concentration Profiles for the August 19, 1998, Sampling 
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Figure 23 (continued). Contaminant Concentration Profiles for the August 19, 1998, Sampling 
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Figure 24 (continued). Contaminant Concentration Profiles for the August 19, 1998, Sampling 
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Figure 26. Reaction Path Mineral Zonation and Carbonate Chemistry as Groundwater Proceeds to 
Equilibrium with N l  

Figure 27. Calculated Reaction Path Chemistry as Groundwater Proceeds to Equilibrium with Zvi, 
Fe(oh), and Calcite Large Symbols lndicate the Values That Were Observed in the Column Effluents. 
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Figure 28. Calculated Reaction Path Chemistry as Groundwater Proceeds to Equilibrium with Zvi, 
Fe(oh), and Calcite. Large Symbols Indicate the Values That Were Observed the Column Effluents. 

Figure 29. Calculated U Concentrations for Partial Equilibration of Groundwater with jZV1 
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7/9/98 327 60 
7/10!9E 349 80 
7/14/98 407 80 
7115138 427 BO 
7/20198 427 0 
7/21/98 444 80 
7/22/98 488 00 
7 n m  490 001 
7 n m  518 80 
7RMB 537 80 
7/26/98 XI1 40 
7/27/98 583 40 
7/28/98 809 40 
7l30198 687 40 
8/4/98 689 40 
815138 893 40 
MI98 709 40 
MA8 733 40 
IvllI98 e31 40 
8/12/98 855 40 
Ell398 878 40 

8/17/98 978 40 
8/1&¶8 1003 40 
8119198 lo11 40 
END OF TEST 

8/14/98 mi 40 

183 182 192 
207 304 498 
207 988 1485 
184 413 1878 
372 513 2391 
300 559 m u  
583 521 8 8188 
R 7  lo91 7259 
760 lo18 8285 
600 1070 10355 
6 0 0 7 2 0  11075 
0 0  0 0  11075 
6 2 5 8 3 8  11712 
648 930 12642 
727 881 13624 
615 941 14585 
687 e40 15405 
333 490 15895 
348 458  18354 
320 499 16853 
315 1087 17940 
361 4 3  17983 
395 589 18552 
361 348 lea98 
417 600 19499 
4010 2364 21863 
400 584 22427 
359 495 22922 
371 512 23434 
338 1572 25005 
312 459 25484 
279 30 1 25785 

4 4 7  
10 4 1 
29 4 1  
37 5 2  
47 2 3  
57 2 3  
120 15  
141 1 2  
161 1 1  
201 14 
215 14 
215 da  
228 14 
246 13 
285 12 
283 14 
300 13 
309 2 6  
318 2 5  
328 2 7  
349 2 7  
350 24 
381 2 2  
388 2 4  
379 2 1 
425 2 1  
436 2 1  
448 24 
458 2 3  
486 2 5  
495 2 7  
501 3 1  

450 893 
440 708 
na 718 
480 718 
470 712 
480 708 
430 674 
430 na 
420 688 
43'0 7 15 
na na 
870 757 
530 7 74 
550 757 
570 748 
600 728 
700 724 
680 715 
980 724 
1060 715 
1220 724 
800 701 
720 689 
1060 704 
1280 7 1  
1140 705 
620 7 1  
700 745 
840 707 
1000 756 
1060 765 
1160 784 

731 182 221 350 
745 188 198 400 
717 258 198 435 

734 188 182 375 
748 198 205 410 
7 1  137 208 330 
na M M na 
748 14 189 350 
7 2  184 233 330 
na na na na 
801 254 248 395 
739 252 255 360 
7 2  184 188 395 
733 209 216 370 
728 21 22 365 
735 202 203 440 
7 3  205 203 375 
716 209 204 410 
735 198 19 385 
7 22 23 236 350 
7 2  202 24 1 380 
'7 25 24 1 298 385 
742 23 1 21 3W 
72 235 217 365 
738 207 218 360 
7 2  21 9 258 385 
7 17 231 218 275 
736 21 7 182 295 
708 255 I? 330 
7 18 204 21 8 375 
722 205 184 240 

727 183 159 370 

FIR  FIELD FlEL FIELD FIELD FIELD FIELD FIELD FlEL FlEL FlEL FlEL FlEL 
Ebpl Rnp A c h ~  PrrodiCumEflCumERamd Pmar Inn .(II 11-84 .(II M 
T h r ' f l R a t F I R E l I V d V ~ V o L m ~ m o  Cuo pH pH T T A k  

0 M M 0 0  0 0  0 M M 874 676 138 272 410 
18 40 217 228 218 4 4 2  480 893 E l ?  182 222 350 

120 40 103 ID3 1415 28 4 7  no 718 874 258 185 435 
I82 40 182 408 1823 34 5 8  480 718 719 183 182 370 
lE5 ID 380 497 2319 43 2 5  4E0 712 ?32 188 I 8 5  375 
210 EO 300 529 /e49 52 2 5  500 7 W  709 198 703  410 
102 80 W 7  - 1  8310 118 14  460 e74 726 131 330 
327 8O 738 1104 7414 137 1 2  470 M M M 0,1 M 

h a n m L h n r m l h L  L W h h d.odegmoll 

4 40 193 a 4  512 e 4 7  480 708 838 188 201 400 

250 
85 
85 
93 
ms 
145 
225 
na 
415 
400 
na 
210 
1% 
245 
285 
250 
305 
235 
265 
290 
I90 
130 
255 
310 
240 
210 
230 
220 
225 
210 
2 w  
325 

2580 2450 154 
2590 2240 155 
2570 2150 140 
2570 2270 140 
2560 2310 170 
2550 2220 162 
2580 2290 193 
M na na 
2570 2510 142 
2540 2460 197 
M na na 
2510 1975 34 
2800 2380 .40 
26W 2450 -15 
2560 2460 -9 
2560 2470 -11 
2550 2460 -25 
2530 2410 -6 
2330 2190 .13 
2520 2420 125 
2500 2310 -35 
2470 2160 147 
2480 2430 124 
2490 2430 129 
2470 2300 125 
2400 2310 127 
2440 2350 131 
2470 2330 130 
2480 2430 130 
2420 2270 118 
2400 2310 128 
24M 2280 47 

FIELD FIELD FIELD FlEL 
M l h l l r b n l  
AIL EC EC Eh 
mpn mrlcmlndc m 
185 2560 1730 la3 
10 2580 ZGnO 154 
10 2580 2070 155 
35 2570 2110 140 
01 zsn MO 140 
1% 2560 n r o  in 
120 2550 a00 162 
155 2580 1080 193 
M M M M  

-139 
68 
-58 
-113 
-158 
-175 
.153 
na 
.zoo 
-141 

.70 

-126 
-204 
-208 
.239 
.178 
-173 
-192 
-185 
-90 
-203 
-197 
-145 
-168 
-171 
-147 
-188 
-133 
-129 
-138 

na 

M 

FIELD 
.111 
Ell 

-111 
-38 
-42 
-74 
-104 
-185 
-149 
.I22 

m 

M 

2 8  
3 11 
1 97 
3 13 
3 2  
4 11 
2 48 
na 
1 47 
1 8  
na 
4 67 
na 
5 55 
508  
273 
38 
5 09 
5 3  
5 15 
4 23 
3 85 
2 99 
204 
2 05 
3 27 
8 24 
7 81 
8 21 
8 4  
5 4 8  
em 

054 
204 
2 01 
0 78 
0 49 
08  
om 
M 
0 29 
0 3  

3 2  

2 13 
118 
0 71 
084  
1 
121 
OW 
0 85 
119 
029  
168 
0 52 
0 33 

105 
128 
117 
0 93 
114 

M 

na 

o e2 

2 0 0 0 7 m 0  1 0  2 2  M M M 

0400 8500 0100 0.200 0875 00002 M 

16W Boo0 16W Z o o 0  0844 00003 na 
5 2  188 2 4  3 4  0708 O W 0 3  
3 4  104 2 8  38 0828 O O U S  na 

n e n a n a ~ ~ n a  M 
178 248 4 2  4 6  0677 O m 0 2  M 
ne na na na 0828 O W M  M 
na na ne na M na na 
0.2 1 8  0.2 0 8  083 OW03 na 
0.2 25 0 2  0 2  SubmdOm2 M 
3 4  24 2 8  3 8  aubnntO.wD1 na 
7 4  28 3 3 2  rubrm(00001 M 
7 8  28 3 2  3 8  ruhdO.WO1 M 

9 27 O B  1 rubmi100Wl M 

188 32 12 128 rvbmnOm02 M 

8 232 7 2  11 0882 00002 M 

3 138 1 8  4 5  0843 O m o Z  na 

0.200 4400 0.100 0.m M M M 

M M M M 0 8 5 0 ~ M  

12 30 8 9 SubmdOOOO3 M 

20 30 12 13 SubmH0OM)l M 

204 258  15 15 0 5  0 . m 1  M 
24 284 18 17 0877 Om01 M 
192 248 19 19 0585 Ooo01 M 
184 224 18 18 05% 0-1 N 

20 24 14 15 Oe47 00001 
188 22 11 115 0847 O m 1  M 
24 298 14 18 0508 O O O O l  M 

18 198 10 11 080s ooOo1 M 
I 4  198 10 11 O W  OoDOZ M 

8 8  188 5 8  7 5  053  00001 no 

na 
M 
M 
M 
M 
M 
M 

M 
M 
na 
na 
ne 
M 
M 
na 
no 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
N 

M 
M 
M 
M 
M 

M 

M 
M 
M 
M 
M 
M 
M 

M 
M 
N 
M 
ne 

na 
na 

M 

na 
M 
M 
M 
no 
na 

no 

ne 
na 
na 

I). 

M 

M 
M 
no 
no 
M 
M 

M 
M 
M 
M 
na 
na 
no 
M 
M 
M 
na 
ncl 
na 
no 

na 
M 

M 
M 
M 
no 
no 
na 
na 
M 
M 

, na 
M 

M 
M 
no 
no 
ne 
M 

43 
34.8 
8 7  
M 
M 
24 2 
13 9 
na 
M 
40 8 
40 1 
na 
na 
na 
no 
no 
no 
no 
no 

na 
na 
na 

no 
na 
no 
no 

na 
na 
na 
no 

M 

M 

M 

TFe Un 
m o n m o n  

302  
1 45 

ESL 
MI 
T Fe 
my 
557 
838 
348 

na 
24 8 
17 2 

no 

M 
110 

1 07 
no 

0 47 
0 48 
na 

038 
03 
na 
na 
0 28 
03 
0 29 
0 27 
0 28 
034 
0 35 
034 
nm 
O Z B  
0 28 
0 28 
0 27 
0 22 
0 23 
0 2  
0 25 
0 21 
0 12 
0 11 

M 

M 

ESL 
0fn 
un 
lnoll 
Om 
om 
0.W 

m 
022 
0 17 
M 
m 

nn 



b*rml.Mol*rBJldrCu(rm. r*ph(kco*nn-U)7be 7%. 1 W  - 5 14 L 

Sampk FIEL FIELD FIEL FIELD FIELD FIELD FIELD FIELD F I R  FIEL FIEL FlEL FIEL 
Dale Elqs Pump AQI Pwbd CumEll CunE Rend Pmss hl Sm Inn Sm Inn 

Tme' FI Re1 fl R EWVd Volume Voba Tans HZO pH pH T T Alk 

8/18/98 0 na ne 0 0  0 0  0 na 50 659 112 14 26 430 

u.rp.dTa~aaaar(cocroccedmldmano) 

h o ~ m U m i  mLhnL L pv hr In -9 de9 mpn 

8119/98 18 40 200 210 210 4 4 3  460 678 6 7  174 172 430 
BR398 113 40 204 1189 1379 27 4 2  510 738 705 183 178 445 

6/2M8 162 40 217 312 1956 38 3 9  440 693 854 182 212 350 
6/26/98 186 40 205 295 2251 44 4 2  480 708 648 186 194 400 
6/29198 264 40 205 959 321 1 82 4 2  ne 716 654 258 218 435 
7/1/98 3G8 40 170 429 3640 71 S O  470 7 18 698 183 172 370 
7/2/98 329 75 3 2 4  44 7 4087 EO 2 6  500 712 708 186 189 375 
7i3l98 353 75 320  470 4557 E9 2 7  520 708 7 1 198 197 410 
7W98 445 75 582  3102 7859 149 1 5  530 674 708 137 208 330 
7/9/98 470 75 670 1005 E664 189 1 3  570 na ne na ne na 
7110198 493 75 750 101 3 9677 18E 1 1  520 688 749 14 187 350 
7/14/98 550 75 5 4 2  1870 11547 225 1 6  510 715 717 184 234 330 
END OF TEST 

Column 2 Conmny 1004 weigh1 in solum = 48 7 Ib. 
Pomsily=52K. 1PV = 5 14 L 
* Elaspad T m  I- OUW ( d a d  for darn bme) 

Sample FlEL FIELD FlEL FIELD FIELD FIELD FIELD FIELD FEL FlEL FlEL FlEL FlEL 
Data Elaps Pump AEIu Penod CumEW CumE Resid Press IM Sm rnn em inn 

Tans' FI RaI FI R EWVd V o k w  Vdum Time H20 pH pH T T AIL 

~ 2 4 1 9 ~  IJE 40 180 265 1-4 32 4 8  M 874 674 138 224 410 

hour mUmi mLhnL L PV hr n de0 deo WA 
6/1Ei¶8 0 na 
8119191) 18 40 
6/23/98 113 40 
M4B8 138 40 
BRM8 162 40 
EZW8 186 40 
-8 264 40 
7/1/98 308 40 
7N98 329 75 
7ND8 353 75 
7lly98 445 75 
7lWM 470 75 

7 / 1 m  w 75 
END OF TEST 

7/10/98 483 7s 

M 0 0  
200 210 
229 1312 
210 309 
233 338 
218 311 
21 6 101 1 
196 493 
378 519 
360 529 
400 2705 
e25 W E  
625 844 
575 1884 

00  
29 0 
152 2 
183 1 
216 8 
247 7 
348 8 
398 1 
450 0 
5050 

e67 2 
951 8 
11489 

773 4 

0 
4 
30 
36 
42 
48 
88 
77 
88 
ea 
150 
189 
185 
224 

. .  
na 14 859 591 14 28 1 430 
4 3  480 876 689 174 178 430 
3 7  500 738 845 163 179 445 
4 1  na 674 839 136 224 410 
3 7  480 683 843 182 21 350 
4 0  510 708 742 188 l 9 E  400 
4 0  ne 716 738 258 212 435 
4 4  490 718 ?25 183 16E 370 
2 3  480 712 727 186 185 375 
2 4  490 708 729 198 20 410 
1 7  530 674 695 137 209 330 
1 4  % O M  M M M M 
1 4  570 866 736 14 19 350 
1 5  730 715 713 1E4 235 330 

FIELD FIELD FIELD FIEL 

Alk EC EC Eh 
mpn rnskmmsk mv 
175 ne na 161 
55 ne na 4 
18 2620 2170 7 
28 2580 2150 1E3 
10 2590 2130 154 
10 2590 2140 155 
10 2570 2100 140 
10 2570 2160 140 
16 2560 2160 170 
65 2550 2160 162 
185 2580 2240 193 
na na M na 
355 2570 2504 142 
260 2540 23gO 197 

em hn em hn 

FIELD FIELD FIELD FIEL 
em mn am inn 
AIL EC EC Eh 

mUmmt lc  mv 
10 
125 
77 
85 
160 
100 
10 
58 
135 
90 
115 

255 
190 

M 

8na 
ne 
2620 
2sBo 
2590 
2590 
2570 
2570 
2580 
2550 
2580 

2570 
w 

M 

na 161 
ne 4 
2210 7 
2210 1E3 
2230 154 
2180 155 
2110 140 
2200 140 
2240 170 
2170 162 
200 183 

2310 142 
2290 187 

M M  

FIELD 

Eh 
mv 
74 
4% 
-87 
-52 
-5 
81 
-25 
.79 
.127 
-150 
.129 
na 
-213 
-163 

em 
FIELD 
hn 
DO 

2 29 
4 74 
4 57 
179 
2 8  
3 11 
1 97 
3 13 
3 2  
4 11 
2 46 
ne 
1 47 
1 8  

mpn 

FIELD 
Sm 
00 

6 15 
3 7  
2 01 
188 
198 
147 
194 
0 8  
0 49 
0 4  
0 79 
na 
0 23 
032 

m o n  

flEW FIELD FIELD FIELD FIELD FIELMFIELD 
S m S m S m S m l n n O m  inn 
1Fe.f TFe.u Fe+2.1 Fw2.u U U NO3 
mOn mWL mpn mpn mpn mpn mpn 
na na ne ne 0827 Oooo3  M 

8200 ne M ne 085800002 M 

5800 na 2200 na 0851 Oooo2  814 
0 6 0 0 7 0 0 0 0 2 0 o O 4 W ~  ne M 
2 0 0 0 1 1 0 0 0 2 0 0 0 2 0 0 0 ~  ne na 
2400 8OW 2200 2200 0675 00002 ne 
1EoD 5600 1800 2000 ne na na 
5800 9800 3500 3Kx) 0644 ODOOS na 
10000 164003804 3800 0708 O W 0 3  ne 
7600 9Boo 3600 3 2 0 0  0626 00002 ne 
na na na ne 065 00007 na 
na ne M na M ne na 
256 312 4 6  54  0677 O W 0 9  ne 
na M na na 0828 ne M 

FIELD 

NO3 

na 
no 

na, 
ne, 
no 
ne 
na 
na 
ne 
ne 
ne 
ne 
na 

am 

m a  

in 

FIELO 
ha 
501 
nw 
ne 
M 
840 
N 
na 
ne 
na 
na 
ne 
ne 

na 
na 
ne 

M 

FIELD 
Om 
501 
nw 
M 
N 
E80 
M 
ne 
ne 

na 
ne 
na 

na 
no 
na 

N 

na 

ESL 
Sm 
T Fe 
nw 
na 
M 

M 

11 8 
15 6 
12 

ne 
27 1 
21 8 

na 
503 
51 

na 

na 

FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD ESL 

Eh DO DO TFe.f TFe.u Fe*2.f Fe+2uU U NO3 NO3 SO4 SO4 TFe 
em nn .m am am .m em infi ~m hn em lnn am elll 

-13 
-126 
-134 
-93 
-93 
-95 
8 9  
-76 
-140 
-151 
-124 
M 
-le2 
-121 

2 29 
4 74 
4 57 
1 79 
2 8  
3 111 
197 
3 13 
32 
4 11 
248 

147 
1 8  

M 

8 
288 
2 15 
228 
2 21 
2 
2 2  
OW 
0 37 
162 
0.85 

0 49 
0 37 

I). 

na 4 na na 0827na 
3400 ne na na 08% O O O M  
3400 M 0300 ne 0051 00001 
0K)O 3300 M 02w M 
0 2 0 0 3 4 0 0 0 2 W O ~ M  M 
0.100 3600 M M 0875 0- 
0.200 3200 0.100 0.200 M m 
0.100 4200 0.200 0.100 0844 0- 
4 0 0  1 2 0 o O 1 m  zoo0 om o a a  
1000 4800 0800 1200 o b m o K a  
N I). M N 0- 0 0 0 1  
M M M , M  M N 
9 E  184 3 2  3 E  O W  0- 
M m M N 0 - m  

ne 

8.14 
M 
119 
Mt 

It. 

M 
N 
I). 

N 
M 
M 
no 

M 
na 
M 

0 E6 
M 
ne 
ne 
M 
M 
no 
no 
M 
M 
M 
M 

ne 
M 
840 
ne 
ns 
na 
M 
M 
M 
M 
M 

M 
M 
M 

M 
M 

M 

4 4  
5 8  
6 E  
M 
M 
m 
6 9  
M 
M 
ms 
34 

ESL 
Om 
Yn 
man 
ne 
ne 
0 83 
1 os 
0 67 

na 
0 75 
0 45 
ne 

na 

na 

ne 
026 
0 29 

ESL 
em 
Mn 
mpn 
M 

m 
M 
111 
118 
114 
M 
M 
o n  
048 
rp 

N 
0 49 
055 

I 
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Appendix B 
Raw Data for Section V 
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I 
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FIELD COLUMNS: TDI PROJECT 

Column Feds: Column Type = Aayllc 4 i n  diameter. 4 f l  tall, Column volume (empty) = 9 88 L. 
Fluid = Wall 88-85 
na=notanelyzed. bdd type = bebwdatedkn lid 

Column A (Also called Column 3).P&es -8 *18. weight in column = 36 8 Ibs 
Pawity=52%. 1 W = 5 14 L. 
Column 8: Contain soil from the trench. packed while still wet (probable preferential flow) Abundant gravel Removed gravel > 2". 42 3 Ibs of soil in column 

Elasped Time since initial outflow d Column A (corrected for down time) 

Sample 
Dale 

COLUM 
7120198 
7121198 
7/22/98 
7/23/98 
7/24/98 
7/25/96 
7/26/98 
7/27/98 
7/28/98 
7/30/98 

FIELD FIELD FlEL FIELD IFlELD FIELD FIELD FIELD FIELD FIELD FlEL FlEL FlEL FlEL FlEL FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD 
Elaps Pump Actua Period CumEH CumE Resid Pressu Pressu inn em effl infl em em Infl eM em infl em em Inn effl 
Time' FI Rat FI R EffVol Volume Volum Tune H 2 0  H2O pH pH pH T T T Alk Alk Alk EC EC EC Eh Eh 
hours mUmin mUm L IL PV hr in in deg C deg C deg C mglL mglL a mglL a mslcm mslcm mslan mw mv 
A A A A A  A A A E  A B  A B  A B  ' A  B A 
4265 0 0 0 110746 215 nla 87 56 757  8 0 1  733  254 2 4 8  2 4 0  395 210 65 2510 1975 2130 34 -70 
4435  80 6 2 5  6375 1171 21 228 137 53 55 774 7 3 9  7 18 2 5 2  255 2 5 3  360 195 150 2600 2380 2380 4 0  na 
4675  80 6 4 6  9302 126423 246 1133 55 49 757  7 2 0  7 13 184 188  .186 395 245 245 2600 2450 2480 -15 -126 
490 80 7 2 7  98 15 136238 265 118 57 49 748  7 3 3  722  209  21 6 21 0 370 285 280 2560 2460 2430 -9 -204 
5155 80 61 5 94 I 145647 283 1139 60 50 728  7 2 8  737 21 0 2 2 0  21 3 365 250 310 2560 2470 2470 -11 -208 
536 5 80 66 7 8404 1540 52 300 128 70 43 7 24 7 35 7 20 2 0 2  20 3 20 0 440 305 245 2550 2460 2400 -25 -239 
561 40 3 3 3  4895 158947 309 257  86 42 7 15 7 3 0  7 16 205  2 0 3  204  375 235 285 2530 2410 2390 -6 -178 
583 40 3 4 8  4594 16354 318 246  98 41 724 7 16 7 15 2 0 9  204 2 0 2  430 265 245 2330 2190 2130 -13 -173 
609 40 32 4992 168532 328 2 6 8  106 50 7 15 7 3 5  720  198  190  t 8 9  385 290 295 2520 2420 2410 125 -192 
6665 40 31 5 1087 1794 349 2 7 2  122 50 724 722  707 2 3 0  2 3 6 '  2 3 0  350 190 200 2500 2310 2270 -35 -185 

FIELD FIELD FIELD 
effl Inn em 
Eh DO DO 
my mg/L mglL 
B A 
-10 4 6 7  3 2  
-54 na na 
-108 555  2 13 
-161 5 0 8  118  
-197 2 7 3  0 7 1  
-168 3 8  0 8 4  
-152 5 0 9  1 
-187 5 3  1 2 1  
-143 5 1 5  088 
-122 4 2 3  0 8 5  



FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD 
effl eM eftl effl eftl effl effl effl eftl mfl e l l  
DO T Fe.1 T Fer T Fe.u TFe.u Fet2.f Fe*2.f Fe+Z.u Fe+2,u U U 
m g t  mglL mglL m g t  mg/L mg/l mgll mg/L mglL mglL mglL 
B A B A B A ~ B A B  A 
465 0.200 0200 1800 1000 0.200 0200 0600 0.200 063 00003 
na 0.200 0.200 25000 18000 0.200 0.200 0200 0.200 na 00002 
233 3400 1400 24000 22000 2600 1200 3600 2000 na 00001 
129 7400 4800 26000 24000 3000 2900 3200 3000 na 00001 
064 7800 2800 28000 27000 3200 1200 3800 3200 na 00001 
118 9000 1500 27000 25000 0800 0800 1000 0800 na 00001 
116 12000 6800 30000 27000 8000 5000 9000 6000 na 00003 
123 16800 11000 32000 29000 12000 8800 12600 9000 na 00002 
196 20000 10400 30000 29000 12000 7200 13000 8000 na 00001 
116 8000 12800 23200 22400 7200 4 800 11000 7000 0682 00002 

FIELD 
eftl 
U 
mglL 
B 
0 026 
0 0249 
0 0129 
0 0102 
0 0176 
0 0089 
0 0085 
00113 
0 0068 
0 0033 

FIELD 
infl 
NO3 
mglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

' FIELD 
eftl 
NO3 
mg/L 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
M 

FIELD 
inn 
SO4 
mglL 
A 
na 
na 
na 
na 
na 
na 
na 
ma 
na 
na 

FIELD ESL 
eftl eftl 
SO4 TFe 
msnmg/L  
A A  
na M 
na na 
na na 
na na 
na na 
na na 

na na 
na na 

M n a  

n a n a  

ESL 
effl 
hlll 
me/L 
A 
na 
0 28 
0 3  
0 29 
0 27 
0 28 
034 
0 35 
034 
na 

ESL 
effl 
Mn 
mglL 
B 
na 
0 74 
0 54 
0 49 
0 58 
0 46 
0 62 
0 85 
0.56 
na 

CH L 
lnfl 
AS 

USlL 
A 
na 
na 
na 
na 
na 

1 L J  

na 
na 
M 

CHLA CHLA CHLACHIACHIABCHLA 
effl In( effl lnfl em Inn 
As Ca Ca CI CI Fe 
ug/L m g t  men lmsn W L  mga 
A A A A A  A 
na na ria na na na 
na na na na na na 
na na na na na na 
na na na ne na na 
na na na na na na 
na M na na na na 
na na M na ria na 
na na na M na na 
M na na na na na 
n a n a n a n a n a  na 



CHLACHCACHLA CHLACHLA CHLACHLABCHLA CHLA CHL CHLACHLABCHLA CHLA CHLACHLACHLACHL CHLACHLACHLACHLA CHLAB 
effl infl eM inn 
Fe K K Mg 
rnglL rnglL mglL mgll 
A A A A  
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 

em inn effl inn eM infl eM 
Mg Mn Mn Mo Mo Na Na 
mg/L mglL mg/L uglL uglL mglL rng/L 
A A A  A A A  
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 
na na na na na na 

A -  
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

infl effl infl em inn 
NO3 NO3 ZIOPb ZIOPb Se 
mglL mg/L pCilL pCiR uglL 
A A A A  
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na na 
na na na M 

na na na na 
na na na na 

A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

effl 
Se 
uglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

inn eM inn 
SO4 SO4 U 
mglL mglL ugll 
A '  
mna 
mna 
na 
na 
na 
na 
na 
na 
na 
na 

A 
na 
lna 
na 
na 
na 
na 
na 
na 
na 
na 

A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

eM inn eM 
u v v  
uglL uglL ugn 
A A A  
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
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Appendix C 
Raw Data for Section VI 
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m r m m  

FIELD COLUMNS: TDI PROJECT 

Column Fedr. Column Type = Aayk  U n  diameter. 4 f l  tall! Column volume (empty) = 8.88 I.. 

na = notenatyzed. bold type = bdowdedecth limil 
FM = w e t w .  

C~WIWI A (NSO called C~WIWI 3):- -8 +18. weigh1 in column = 38.8 Ibs 
PoroSity=52%. 1pV = 5.14 L 

Elasped Time since initial outflow of Column A (corrected for down time) 

Column C is the aeration column Contains 27 2 Ibs of well sorted gravel An aquarium pump was used lo bubbled air upwards 

Column D has 32 1 Ibs of Blufl soil provided by Greg Smith This was used lo tesl another type of soil for removing Fe partides 

Mag peroxide pellet was added lor late 8/18 and 8/19 

from Ihe bottom of Column C Effluent from A was "dribblecr' into Ihe lop and pumped oul a1 lhe bollom 

The lrench soil was we1 and probably did no1 represenl Ihe lrue subsurface porosity slruclure 

Sample FIELD 
Dale Elapsed 

Time' 
hours 

COLUMN A 
8/4/98 668 5 
8/5/98 692 5 
8/6/98 708 5 
8/7/98 7325 
8/11/98 831 
8/12/98 854 5 
8/13/98 877 5 
8/14/98 9005 
8117198 978 
8/18/98 1002 5 
8/18/98 1006 
811 9/98 1020 5 

FIELD 
Pump 
FI Rate 
mLlmin 
A 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

FIELD 
Actual 
FI Rate 
mllmin 
A 
36 1 
39 5 
36 05 
41 7 
40 
40 
35 88 
37 1 
33 8 
31 2 
31 2 
27 9 

FIELD 
Period 

L 
A 
4 33 
56 9 
34 6 
60 0 
236 4 
56 4 
49 5 
51 2 
157 2 
45 9 
6 6  
24 3 

En VOI 

FIELD 
Cum Eff 
Volume 
IL 
A 
1798 33 
1855 2 
1889 8 
1949 9 
2186 3 
2242 7 
2292 2 
2343 4 
2500 5 
2546 4 
2553 0 
2577 2 

1FlELD 
Cum En 
Volume 
PV 
A 
350 
36 1 
368 
379 
425 
4 36 
446 
4 56 
4 86 
495 
497 
501 

FIELD 
Resid 
Time 
hr 
A 
2 37 
2 17 
2 38 
2 05 
2 14 
2 14 
2 39 
2 31 
2 53 
2 75 
2 75 
3 07 

FIELD FIELD FIELD 
Pressur Pressur Pressur 
H20 H20 lH2O 
in in in 
A C D  
80 na 58 
72 na 57 
106 na 56 
126 na 59 
114 na 52 
114 na 61 
104 na 47 
110 na 62 
128 na 72 
128 na 64 
na na na 
142 na 68 

FIELD 
inn 
PH 

7 01 
6 89 
7 04 
7 10 

7 10 
7.45 
7 07 
7 58 
7.85 
na 
7 64 

7 05 

FIELD FIELD 
em em 
IPH PH 

A C  
7 2 0  724 
7.25 794 
7 4 2  787 
7.20 7 78 
7.38 na 
7.20 na 
7.17 na 
736 na 
7 0 8  na 
7.18 na 
na na 
7 2 2  na 

FIELD 
effl 
PH 

D 
7 73 
7 41 
7 80 
7.66 
7 12 
6 99 
7 02 
7 13 
7 00 
7 08 
na 
7 07 

FIELD FIELD 
infl effl 
T T  
degC degC 

A 
202 24 1 
24 f 296  
23 1 21 0 
23 5 21 7 
207 21 8 
21 9 258 
23 1 21 8 
21 7 182 
255 270 
204 21 8 
na na 
205 184 

FIELD 
em 
T 
deg C 
c 
24 2 
29 5 
20 9 
22 4 
na 
na 
na 
na 
na 
na 
na 
na 

FIELD 
em 
T 
deg C 
D 
23 4 
29 2 
20 4 
22 4 
21 8 
24 5 
22 2 
17 9 
28 1 
20 3 
na 
18.7 

FIELD FIELD FIELD 
inn effl em1 
Alk Alk Alk 
mgka m a  m g t a  

380 130 80 
385 255 175 
380 310 190 
385 240 150 
380 210 na 
385 230 na 
275 220 na 
285 225 na 
330 210 na 
375 200 na 
ne na na 
240 325 na 

A C  



FIELD 1FlELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIEUD FIELD FIELD FIELD FIELD FIELD FIELD 
effl nfl em effl effl inn 
Alk EC EC EC EC Eh 
mglL a mslcm mslcm mslcm mslcm mv 
D A C ID 
230 2470 2180 2080 2720 147 
190 2480 2430 2210 2190 124 
150 2490 2430 2230 2200 129 
140 2470 2360 2190 2180 125 
220 2400 2310 na 2260 127 
230 2440 2350 na 2330 131 
215 2470 2330 na 2290 130 
265 2460 2430 na 2370 130 
180 2420 2270 na 2280 118 
215 2400 2310 na 2320 126 
na na na na na na 
160 2400 2280 na 2280 47 

effl effl 
Eh Eh 
mv mv 
A C  
-90 135 
-203 120 
-197 118 
-145 97 
-168 na 
-171 na 
-147 na 
-188 na 
-133 na 
-129 na 
na na 
-138 na 

effl 
Eh 
mv 
ID 
128 
125 
119 
116 
-87 
-105 
-97 
-123 
-114 
-119 
na 
9 6  

lnfl 
DO 
mg'L 

3 85 
2 99 
2 04 
2 05 
3 27 
8 24 
7 61 
8 21 
8 4  
5 46 
na 
6 86 

effl 
DO 

A 
1 1 9  
0 29 
1 6 8  
0 52 
0 33 
0 92 
1 0 5  
128 
117 
0 93 
na 
114 

mg/L 

em 
DO 
mglL 
C 
4 75 
3 32 
2 47 
2 27 

na 
na 
na 

na 
na 
na 

M 

M 

effl effl 
DO T Fe.f 
mglL mglL 
D A  
4 34 3 
3 03 204 
2 3  24 
216  192 
092 184 
202 20 
2 2  168 
1 6 9  24 
1 0 3  8.8 
1 1 8  16 
2 8 5  10 
204 14 

effl 
T Fe.f 
mglL 
C 
0.2 
0.2 
0.2 
0.2 
M 
M 
na 
na 
na 
M 

M 
na 

effl 
T Fe.1 
WL 
D 
0.2 
0.2 
0.2 
0.2 
7 
12 
10 8 
18 4 
0.8 
12.4 
0.3 
5.8 

effl 
T Fe.u 
W L  
A 
13 6 
25 6 
26 4 
24 8 
22 4 
24 
22 
29.0 
16 8 
19 8 
18 0 
18 e 

effl 
T Fe.u 
mglL 
C 
0 8  
2 6  
1 8  
0 8  
na 
M 
M 

na 
na 
na 
M 
na 

effl 
T Fe.u 
m s n  
D 
0.2 
0.2 
0.2 
0.2 
8 
13 2 
13 
19 0 
11 6 
10.4 
0.5 
5.8 

elfl 
Fe+2.1 
men 
A 

. 1 8  
15 
16 
19 
16 
14 
11 
14 
5 8  
10 
10 
10 

effl 
Fe+2.1 
mon 
C 
0.2 
0.2 
0.2 
0.2 
na 
na 
na 
nal 
na 
na 
na 
na 

effl 
Fe*2.f 
mg/L 
D 
0.2 
0.2 
0.2 
0 2  
5 8  
8 2  
6 0  
12 
4 0  
8 5  
0.2 
5 5  

effl 
Fe+2.u 
mglL 
A 
4.5 
15 

19 
16 
15 
11 5 
16 
7.5 
11 
11 
11 

i r  

eM 
Fe*2.u 
mglL 
C 
0.2 
0.2 
0.2 
0.2 
na 
na 
na 
na 
na 
M 
M 
na 

ml - BLB I w a m. 



FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD ESL ESL ESL 
effl inn effl effl effl inn elni inn effl effl inn efll 
Fe+P.u U U U U NO3 NO3 SO4 SO4 TFe Mn Mn 
mgll 
D 
0.2 
0.2 
0.2 
0.2 
5 8  
9 
8 75 
13 
6 
9 5  
0.2 
5 8  

mglL 

0 643 
0 5  
0 677 
0 565 
0 555 
0 647 
0 647 
0 506 
0 53 
na 
0 605 
0 604 

mglL 
A 
0 0002 
0 0001 
0 0001 
0 OOOlI 
0 0001 
0 0001 
0 0001' 
0 0001 
0 0001 
na 
0 0001 
0 0002 

mglL 
C 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
M 
M 

mglL rnglL mglL mglL mglL mglL 

00194 na na na na na 
00024 na na na na na 
00016 na na na na na 
00012 na na na na na 
00013 na na na na na 
00007 na na na na na 
00012 na na na na na 
00006 na na na na na 
00004 na na na na na 
00003 na na na na na 
00004 na na na na na 
OOOOB na na na na na 

D A A  A A A  
mglL 

0 120 
0 120 
0 110 
0 100 
0 100 
0 090 
0 110 
0 120 
0 090 
0 100 
0 100 
0.010 

mglL 
A 
0 260 
0 280 
0 280 
0 270 
0 220 
0 230 
0 200 
0 250 
0 210 
na 
0 120 
0.110 

ESL ESL 
effl effl 
Mn Mn 
mglL mglL 
C D  
0020 0020 
0300 0010 
0 160. 0020 
0 090 ' 0 010 
na 1210 
na 0730 
na 0720 
na 0680 
na 0630 
na 0400 
na 0 190 
na 0310 

CHIAB CHLAB CHLAB CHLAB C H U B  C H U B  C H U B  CHLAB 
inn 
As 
ug1L 

na 
na 
na 
na 
na 

na 
na 
na 
M 
15 800 

M 

M 

effl 
AS 
ug/L 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
5.900 
na 

effl 
As 
uglL 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
3.300 
na 

nfl effl 
Ca Ca 
mglL mglL 

na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
327.000 230 
na na 

A 

em 
Ca 
mcm 
0 
na 
na 
na 
na 
na 
na 
na 
na 

na 
M 

1 e5 
na 

Inn 
CI 
W'L 

na 

na 
na 
na 

na 
na 

M 

M 

na 
na 
149 
na 

effl 
CI 
mglL 
A 
na 
na 
na 
na 
na 
ne 
na 
na 
na 
na 
140 
na 



C H M B  CHLAB 
effl Inn 
CI Fe 
mglL mglL 
D 
na M 
na M 

na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
151 0 0579 
na na 

m r  

CH LAB CH LAB CH LAB CH LAB CH LAB CIilLAB CH LAB CH LA0 CH LAB CH LAB CH LAB CH LAB CH LAB CH LAB CH LAB CH LAB CH LAB CH LAB 
eM effl 
Fe Fe 

A D 
M na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
32 0.169 
na na 

mgk rngR 

lnri 
K 
rnglL 

na 
na 
na 
na 

na 
na 
na 
na 
na 
11 7 

na 

M 

eM 
K 
mgll 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
11 6 
na 

eM 
K 
mglL 
D 
na 
ria 
na 
na 
na 
na 
na 
na 
na 
na 
72.5 
na 

lnrl 

Mg' 
rngll 

na 
na 
na 
na 
na 
na 
na 
na 

na 
84 1 
na 

M 

en1 
Mg 
mglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
85 
na 

ell1 

mgll 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
103 
na 

Mg 
inri 
Mn 
mglL 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
70.8 
na 

eM 
Mn 
mglL 
A 
na 
na 
na 
na 
na: 
na 
na 
na 
na 
na 
0 207 
na 

em 
Mn 

W L  
D 
na 
na 

na 
na 

na 
na 
na 
na 
0 172 

na 

na 

M 

inn eM eM mfl 
MO Mo Mo t I i  

A D 
na na na na 
na na na na 
na na na na 
na na na na 
na na na M 

na na na M 
na na na na 

ug/L ug1L ug/L mgll 

na na na na 
na na na na 
na na M na 
62.5 13.7 18 252 
na na n a n a  

elfl 
Na 
WlL 
A 
na 
na 
na 
na 
na 
na 
na 

na 

251 

M 

na 

na 

ern Infl 
Na NO3 
mglL mg/L 
D 
na na 
M na 
na na 
na na 
na na 
na na 
na na 
ne na 
na na 
na na 
254 128 
na na 



CHLAB CHIAB CtiLAB CHLAB C H U B  CHLAB CHiLAB CHLAB CHLAB CHLAB CHLAB CHLAB CHLAR CtfLAB C H U B  CHIAB 
effl etfl 
NO3 NO3 
mg/L mglL 
A D 
na na 
na ria 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
na na 
00387 992 
na M 

inn elf1 infl 
2lOPb ZlOPb Se 
PCilL PCI/L ugll! 

A 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na na 
na na 8 5  

na na "a 

eM 
Se 
uglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
2.2 
na 

effl 
Se 
ugll 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
2.2 
na 

Inn 
SO4 
mglL 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
978 
na 

effl 
SO4 
mglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
962 
na 

err1 
SO4 
mglL 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
878 
na 

intl 
l!J 
uglL 

na 
na 

na 
na 

na 

na 
M 
na 
na 
na 
e27 
na 

effl 
U 
uglL 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
1 .I 
na 

elf1 
U 
ug/L 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 

1.1 
na 

M 

lnfl 
V 
uglL 

na 
na 
na 
na 
na 
na 
na 
na 

na 

na 

M 

452 

effl 
V 
ugn- 
A 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
1.1 
na 

effl 
V 
ugn- 
D 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
1.1 
na 
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FIELD COLUMNS lDI PROJECT 

CoCmn Fada Cohann Type = -*h-. 4R IaII. Cdunnrdune (empty) 9 88 L 
Fbld-wslB845 
M =nac-. hold- -m- mi 
CoLmn E. Pea(esa 4 +le, 
Pcmaily=52%. 1 W = 5 14 L 
'Elup.dT~dncaOldlk4U(ansdsdlordomIme) 

heohmn-40 7 Ibo 

Pair Nun& m dmbnw hum bonom h hdma €1.2. €2.4. €3-6. €4-8. €5.13, €6.18, €7.23 €8-28 € 9 3 3 .  €10-38. €11-43. EOUT=culfkw (-48 h) 

EFFLUENTS AND INFLUENTS FROM COLUMN E 
Sampla FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD 
Date Elapsed Pump Actual Perlod CumEH CumElf R e d  Pressur mfl effl mfl eHl 

Time' FI Rate FI Rate EnVol Volume Volume Tme t120 pH pH T 1 
hours mUmm mUmm L L PV hr in degC degC 

13/12/98 0 40 M 0 0  0 0  0 M 43 M na na na 
8113198 15 40 3 2 0  2 8 8  2 8 8  6 2 7  4 8 0  745 706 2 3 1  22 
8114198 38 40 352 4 8 6  774 15 2 4  470 707 723 21 7 184 
81Im7/98 116 40 352 1637 241 I 4 7  2 4  550 75G 709 P55 27 1 
8/18/98 136 40 309 3 8 0  2791 54 2 8  4 6 0  765 697 204 202 

FIELD FIELD FIELD 
mfl effl mfl 
Alk Alh EC 
mg/L as mg/L as m s / m  
na na na 
275 130 2470 
295 130 24GO 
330 75 2420 
375 135 2400 

FIELD FIELD FIELD 
em inn etn 
EC Eh Eh 
mslcm mv mv 
na na na 
2260 130 -110 
2220 130 .76 
2140 118 -77 
2210 126 .91 . 

FIELD FIELD FIELD 
M effl effl 
DO DO TFe.1 

na na na 
7 6 1  133 3000 
821 207 4400 
9 4  1 0800 
5 4 6  102 6800 

mon m o n  m e n  

FIELD FIELD 
em em 
T F e u  Fer2.f 
mOll mOll 
na na 
20000 1 4  
15200 1400 
8000 os00 
14800 3000 

FIELD 

Fer2.u 
ern 

man 
ruI 

2 5  
1 600 
0 600 
4 250 



S m p b  Pod Didfro FIELD FIELD FIELD FIELD FIELD FIELD FIELD FIELD 

h 
8113198 EOUT 48 

E11 43 
E l 0  38 
E9 33 
E8 28 
E7 23 
E6 16 
E5 13 
E4 8 
E3 6 
E2 4 
E1 2 
EO 0 

8114198 EOUT 48 
E11 43 
E10 38 
E9 33 
E8 28 
€ 1  23 
E6 18 
E5 13 
€4 8 
E 3  6 
E2 4 
E l  2 
EO 0 

8/17/98 EOUT 48 
E l l  43 
E l 0  38 
E9 33 
E8 28 
E7 23 
E6 18 
E5 13 
E4 8 
E3 6 
E2 4 
E l  2 
EO 0 

Y1Ww EOUT 48 
E l l  43 
E10 38 
E9 33 
EE 28 
E7 23 
E6 1E 
E5 13 
E4 8 
E3 6 
E2 4 
E l  2 
EO 0 

C u n  E l  cdn 
VObll. pM 
PV 
E 
8 
6 
6 
6 
6 
6 
6 
6 
8 
8 
6 
6 
15 
15 
15 
15 
15 
15 
15 
15 
15 
I5 
15 
15 
15 
41 
41 
41 
41 
47 
47 
47 
47 
47 
41 
47 
47 
47 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 

708 
7 
7 
7 
7 
1 
7 
7 
1 
1 
7 
7 
7 45 
7 23 
7 
7 
7 
? 
1 
7 
1 
7 
7 
7 
7 
7 07 

7 
7 
7 
7 
7 
7 
7 
7 
1 
7 
7 
7 5 6  
6 91 
M 
M 
M 
n 
M 
M 

M 
M 
M 
M 
n 

709 

165 

all 
1 
QoC 
22 
M 

M 

M 

M 
M 
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